The structure and replication of the single-stranded circular RNA genome of hepatitis delta virus (HDV) are unique relative to those of known animal viruses, and yet there are real similarities between HDV and certain infectious RNAs of plants. Therefore, since some of the latter RNAs have been shown to undergo in vitro site-specific cleavage and even ligation, we tested the hypothesis that similar events might also occur for HDV RNA. In partial confirmation of this hypothesis, we found that in vitro the RNA complementary to the HDV genome, the antigenomic RNA, could undergo a self-cleavage that was not only more than 90% efficient but also occurred only at a single location. This cleavage was found to produce junction fragments consistent with a 5'-hydroxyl and a cyclic 2',3'-monophosphate. Since the observed cleavage was both site-specific and occurred only once per genome length, we propose that the site may be relevant to the normal intracellular replication of the HDV genome. Because the site is located almost adjacent to the 3' end of the delta antigen-coding region, the only known functional open reading frame of HDV, we suggest that the cleavage may have a role not only in genome replication but also in RNA processing, helping to produce a functional mRNA for the translation of delta antigen.
During the past few years there has been an ever-increasing amount of evidence to support the original hypothesis of Hoyer et al. (11) that the structure and replication of the hepatitis delta virus (HDV) genome are analogous to those of plant viroids, virusoids, and satellite RNAs (18) . Consider the following. (i) The HDV genome, as found in virions, is a single-stranded RNA of about 1,700 nucleotides (4, 15, 24) . (ii) At least 96% of the genomic RNA is in a circular conformation (4, 15, 24) . (iii) The genomic RNA has the ability to fold on itself by base pairing to create an unbranched rod structure (4, 15, 16, 24) . (iv) Intracellularly, there is not only genomic RNA but also, in a relatively lower amount, a complementary RNA, referred to as the antigenomic RNA (4, 22) . (v) Most of the intracellular genomic and antigenomic RNA species are of unit genome length; that is, they are monomeric (4, 22) . (vi) Most of such monomers are in a circular conformation (4) . (vii) Also present in infected cells are multimeric lengths of genomic and antigenomic RNAs, albeit in small amounts relative to the amount of monomeric RNA (4) .
A major value of the above-stated analogy to the study of HDV is that it allows one to test the applicability of hypotheses that have already been proposed or even confirmed for the plant agents. A striking example at this time is the hypothesis that a rolling-circle model can provide just as good an explanation of HDV genome replication as it does of plant agent genome replication (2, 13) . One exciting detail of this general hypothesis is as follows. In the rolling-circle models of replication, RNA cleavage and ligation are needed to produce progeny monomer circles. Recently, it has been found for the genomic and antigenomic RNAs of certain plant agents that such reactions can be made to occur not only in vitro, but even in the absence of protein (8, 9, 14, 17) . In this report, we propose and confirm the hypothesis that HDV-related RNA can also undergo self-cleavage. The above-mentioned demonstrations of RNA self-processing * Corresponding author.
are part of a steadily increasing list of examples (see the review of Cech and Bass [3] ), the first being the self-splicing intron of Tetrahymena pre-rRNA, discovered by Cech and co-workers (3, 26) . Thus, antigenomic HDV RNA joins the list, although it is somewhat unique in that it is the first example of such an RNA from a mammal.
MATERIALS AND METHODS DNA clones. We have recently reported the complete cloning and sequencing of HDV by using RNA from the liver of an infected woodchuck (16) . The subclones obtained in a part of that study have been assembled to create DNAs of unit length and greater amounts of the HDV genome (manuscript in preparation). For the studies described in this paper, we used a clone, pG4B-V5, which contained HDV sequences subcloned into the transcription vector pGem4Blue (Promega, Madison, Wisconsin). This clone contained not only the full 1,679-base (b) HDV genome (6) , but also a terminal redundancy of 180 b. After the vector DNA was cut with BamHI, we transcribed antigenomic HDV RNA by using the RNA polymerase of bacteriophage T7. Synthesis and purification of RNA transcripts. RNA T7 polymerase was obtained from Promega and used according to the instructions of the supplier. The transcription reaction product was treated with DNase I after the addition of RNasin (Promega). It was extracted once with phenol and twice with ether and collected by precipitation with ethanol. Products were purified by electrophoresis into polyacrylamide gels containing 6 M urea. The relevant bands were located and electroeluted into ammonium acetate by using an apparatus from I.B.I. (New Haven, Conn.) and collected by precipitation with ethanol. When in subsequent manipulations there was no further need for proteinaceous enzymes, we added aurin tricarboxylic acid (10 ,uM) (20) . The products were analyzed on a DNA sequencing gel of 8% polyacrylamide (20) . 
RESULTS
Recently we have assembled recombinant clones of HDV that contain one or more copies of the full HDV sequence (manuscript in preparation). One application of these clones was in testing the hypothesis that RNA transcribed from such clones might undergo in vitro self-cleavage. For the present studies, we used a single clone, pG4B-V5. In this clone, the HDV insert was not only the whole 1,679-b genome, but also included an additional 180 b (Fig. 1 ). This insert was ligated into the transcription plasmid pGem4Blue to create the recombinant clone designated pG4B-V5. After this recombinant DNA was opened at the unique BamHI site, we used the RNA polymerase of phage T7 to transcribe a 1.9-kilobase (kb) RNA. This RNA should be precisely 1,894 b long, including 28 and 7 b of vector sequences at the 5' and 3' termini, respectively (Fig. 1) . The conditions that we chose for the self-cleavage assay were basically those used by Uhlenbeck (23) . The RNA was heat denatured and then snap cooled on ice, and after the addition of magnesium ions, it was incubated for 1 h at various temperatures. The RNA species were then glyoxalated and examined by agarose gel electrophoresis.
In preliminary experiments with uniformly labeled RNA transcripts, we obtained not only the 1.9-kb RNA species, but also certain additional shorter species, independent of whether the RNA product was subsequently submitted to self-cleavage conditions (data not shown). The shorter species could have been produced by self-cleavage, premature termination, or both. Therefore, to specifically assay for self-cleavage, the 1.9-kb RNA was gel purified before it was submitted to self-cleavage conditions. In this way, we obtained an indication that the 1.9-kb antigenomic RNA was able to self-cleave (data not shown). However, to obtain (16 conditions were applied to antigenomic HDV RNA labeled at either the 3' end or the 5' end. The most prominent effect of the self-cleavage conditions on the 3'-end-labeled RNA was the release of an -160-b RNA fragment. When the incubation temperature was increased from 37 to 42 and to 50°C, there was an increase in the amount of 160-b RNA released. At the same time, there was a decrease in the amount of the original 1.9-kb RNA. This decrease made clear that the original labeled RNA contained a second band, of about 1.8 kb, and that the amount of this second RNA did not decrease with self-cleavage conditions. There were also changes when the 5'-end-labeled RNA was submitted to self-cleavage conditions. Again, there was a release of a relatively smaller RNA (Fig. 2B) . However, this species was about 100 b long, unlike the 160-b fragment for 3'-end-labeled RNA (Fig. 2A) . The self-cleavage conditions also produced significant changes in the larger species. First, we noted that there were two end-labeled species of about 1.9 and 1.7 kb. Their relative mobilities were different from those of the 1.9-and 1.8-kb 3'-end-labeled species in Fig. 2A . Second, with increase in the self-cleavage temperature, the amount of the 1.9-kb RNA progressively decreased. Third, under the same conditions, the amount of the 1.7-kb RNA initially increased and then began to decrease. In addition, it should be noted that the putative self-cleavage events were (i) unaffected by the presence of aurin tricarboxylic acid, a general inhibitor of nucleases, and (ii) strictly dependent upon the addition of magnesium ions.
One interpretation of the data presented above is summarized in Fig. 1B . This interpretation depended on our knowledge that the initial 1,894-b RNA contained a 180-b redundancy of HDV sequence and the hypothesis that the initial RNA thus had two self-cleavage sites located in the same HDV sequence. We can exclude interpretations implying that the cleavage-resistant long fragment ( Fig. 2A and B,   FIG. 3 . Localization of self-cleavage site by primer extension. Total HDV RNA transcripts were prepared unlabeled and then submitted to no further treatment (lane 1) or to a self-cleavage reaction for 1 h at 50°C (lane 2). The transcripts were then used as templates for reverse transcriptase in an extension reaction from a 32P-labeled synthetic primer (see Fig. 4 ). The same primer was also used in four dideoxynucleotide sequencing reactions with pG4B-V5 DNA as template with ddG, ddA, ddT, and ddC (lanes G to C, respectively). The reaction products were submitted to electrophoresis on a sequencing gel of 8% polyacrylamide, followed by autoradiography. *, Predominant termination site in the primer extension; +, the next most significant termination site. lanes 4) represents labeling of the 1,679-b doubly cleaved internal fragment because of the following considerations. First, for the results shown in Fig. 2B , the 5' labeling was achieved during synthesis; therefore, an internal fragment could not be labeled. Second, in the experiment whose results are shown in Fig. 2A , it would not be possible to label a doubly cleaved molecule because, as we subsequently infer, self-cleavage releases a terminal cyclic 2',3'-monophosphate which would not act as an acceptor in reactions with RNA ligase and labeled pCp. As explained below, we next used primer extension not only to test the hypothesis but also to determine the actual self-cleavage site.
For the primer extension study (Fig. 3) , we synthesized a 35-b DNA oligonucleotide 4hat was complementary to a region of the antigenomic RNA, just 3' of the putative self-cleavage site. As template RNA, we used the total T7 RNA polymerase transcripts. This RNA was extracted and tested in the primer extension study with or without (Fig. 3 based on the primer extension study (Fig. 3) which made use of the indicated 35-b primer. The designated end at nucleotide 789 is one of the ends of the antigenomic circular RNA when it assumes the conformation of an unbranched rod structure (Fig. 1A and reference 
16).
lanes 2 and 1, respectively) prior exposure to self-cleavage conditions. In both cases, a major primer extension species was observed (Fig. 3, *) . From an adjacent sequencing ladder, we deduced that for this species, primer extension stopped between nucleotides 901 and 900 on the HDV sequence. In the primer extension studies (Fig. 3) , we observed a second discrete species (Fig. 3, +) . Primer extension on molecules that failed to undergo self-cleavage would be expected to produce both this species and a much longer species that would be unable to enter the gel. From densitometric analysis, we were thus able to deduce that more than 90% of the RNA transcripts had undergone cleavage at the available sites.
There is a significant difference between the RNA substrates used in the end-labeling experiments (Fig. 2 ) and primer extension (Fig. 3) . In the latter case, there was the opportunity to detect a much greater extent of cleavage; cleavage could have occurred during synthesis, during hybridization of the oligonucleotide, and also during reverse transcription. It seemed that more than 90% of the sites were cleaved (Fig. 3) , and the added effect of our self-cleavage conditions was insignificant (Fig. 3, lane 2 versus lane 1) . The RNA used in the end-labeling experiment was different.
It was specifically isolated (either before 3' labeling or after 5' labeling) as RNA with an electrophoretic mobility roughly corresponding to the uncleaved 1,894-b RNA. This specification would eliminate many of those RNA transcripts that had already cleaved prior to gel isolation or maybe during RNA synthesis itself. We invoked this interpretation to explain why the efficiencies of self-cleavage events detected in the end-labeling experiments (Fig. 2) were more like 50 to 75%, less than the efficiency detected in the primer extension experiments.
DISCUSSION
We have presented in this article the detection and initial characterization of the ability of antigenomic HDV RNA to undergo self-cleavage in vitro. We found that the reaction was efficient and site specific. The RNA we observed to self-cleave had not one but two copies of the site. Both sites were able to self-cleave. The more-5' site contained only 63 b of upstream delta sequences ( Fig. 1 and 4) . Likewise, the more-3' site had only 117 b of downstream delta sequences. Thus, the sequences necessary for cleavage at each site may be spread over no more than 63 b of 5'-proximal HDV sequences and 117 b of 3'-proximal HDV sequences to the cleavage site. Studies are under way to determine the minimum antigenomic sequences that are sufficient for selfcleavage. We have already applied the strategy reported in this paper to investigate the related question of whether the genomic RNA will undergo self-cleavage. We found that genomic RNA also has a single cleavage site.
To determine the nature of the cleavage site, we isolated RNA transcripts of about 1.9 kb, submitted these to selfcleavage conditions, and then tested the ability of cleavage products to be end labeled both before and after treatment with alkaline phosphatase. The results (data not shown), together with the data shown in Fig. 2 , support the interpretation that cleavage produces a 5'-hydroxyl terminus and a blocked 3' terminus, presumably a cyclic 2',3'-monophosphate. In this respect, the cleavage appears to be the same as the reported self-cleavage of plant viroids, virusoids, and satellite RNAs (8, 9, 14, 17) and the self-cleaving satellite RNA of the newt (7). Such molecules, like the synthetic "hammerhead" structures predicted from their consensus (23) , yield a 5'-hydroxyl and a cyclic 2',3'-monophosphate. However, a difference is that by computer search we have been unable to detect in the antigenomic HDV RNA a consensus hammerhead sequence. It is relevant to note that most of the plant viroids described so far lack the hammerhead structure and, if anything, may contain some of the short sequences that have been proven essential for class I introns (6, 10, 25) .
An unanswered question regarding the observed HDV self-cleavage is whether it is biologically relevant. Several qualifications can be made. (i) Self-cleavage in vitro may only be an indicator of a reaction which in vivo is facilitated by other proteins, RNAs, or both (3). (ii) There is a precedent with a self-cleaving satellite RNA of the newt, in which the site used in vitro is not the same as that used in vivo, the site being in fact displaced by some 42 b (7) . (iii 
